Introduction
Thiol-ene photopolymers generally comprise a multifunctional olefin, polythiol and photinitiator to give rise to a stepwise polymerization upon being irradiated under actinic light, as shown in scheme 1 [1] . The fatal factors affecting the efficient chain propagation include following two processes: (1) the addition reaction of ene moieties to thiyl radicals (R-S·) generated by hydrogen abstraction (propagation 1) and (2) the hydrogen abstraction of carbon radical species from other polythiols to reproduce thiyl radicals (propagation 2). Both reactions should proceed rapidly before termination due to radical-radical coupling occurs.
From these viewpoints, we have started to synthesize novel types of dendritic polyenes having 4-, 8-and 16-terminated allyl moieties as polyolefin species (AL(n), n = 4, 8 and 16), aiming at improvement of the reactivity in the propagation reaction 1 [2] . Since dendrimers are highly branched, spherical polymers with uniform molecular weights [3] , the addition reactions of the allyl units to the thiyl radicals should be markedly enhanced by the local concentration of terminal units at the dendrimer surfaces. Indeed, it was confirmed that the dendritic AL(n)-based thiol-ene photopolymers brought about the remarkable acceleration in UV curing rates as the increase in the number of the terminal allyl units (n). In this paper, we focus on novel types of dendritic polynorbornenes because norbornene is regarded as one of the most promising ene units in thiol-ene chemistry because of its enhanced ability to activate carbon radicals in propagation 2 (Scheme 1) due to the distorted structures [1] . We describe here the effect of the norbornene units located at the outermost position of the dendrimers on the photosensitivity of the thiol-ene UV curable materials.
Experimental
Dendritic polynorbornenes (DNb(n), Fig. 1 ) were synthesized in large scales according to our previous literature [2c] . The other reagents including six-armed polythiol (SH6, Fig. 1 ) were purchased from commercial sources and used as received.
Spin-cast films were prepared onto PET films or silicon wafers (1000 rpm for 30 s) from THF solutions containing DNb(n) and SH6 in concentration of 0.8 M of thiol and olefin units, which were doped with photoinitiator (Ir-369) and stabilizer (cupferron) in concentration of 2.5 wt% and 1.0 wt%, respectively, to the total amount of resins. UV irradiation was conducted under ambient conditions at room temperature using monochromatic UV light with a wavelength of 365 nm. The UV curing behaviors of each film were evaluated by pencil hardness tests and FT-IR measurements.
Results and Discussion
Dendritic polynorbornenes (DNb(n), n = 8, 16) with monodispersed structures (PDI: 1.02-1.04) were synthesized through esterification of 5-norbornene-2-carboxylic acid to corresponding polyol dendrimers, which can be synthesized in advance and in large scales by using our AMA methods [4] .
The spin-cast films of DNb(n)/SH6 prepared onto PET substrates were in viscous states exhibiting 6B or less in pencil hardness. UV irradiation to the films caused the solidification of the films with HB-H in hardness. UV curing properties of DNb(n)/SH6 systems were investigated to construct photosensitivity curves, as shown in Fig. 2 . DNb4/SH6 needed the largest exposure energy of 9.6 mJ cm -2 to reach HB, whereas DNb8/SH6 and DNb16/SH6 films required exposure doses of 1.5-2.1 mJ cm -2 under same UV curing condition. These results indicate that the photosensitivity of each film can be effectively improved by the highly branched dendritc structuring. Our previous work revealed that the photosensitivity of the allyl-terminated resin of AL16/SH6 was estimated to be 70 mJ cm -2 under same condition [2c], corresponding to be ca. 50 times larger in exposure energy compared with that of DNb16/SH6 film. The extraordinary enhancement in photosensitivity is worth noticing since the thiol-ene reactivity of norbornenes, in general, is known to be ca. 10 times higher than those of allyl-based resins [1] .
Consumption behaviors of the C=C moieties of both DNb16-and AL16-based films during UV curing were monitored by measuring the areas of  C=C in FT-IR spectra. It was found that the AL16/SH6 film begins to harden when 35% of allyl units are consumed, while, in the case of DNb16/SH6 film, only 5% of consumption of norbornene units was required for the UV curing to begin. The detailed mechanism is unclear, but it is anticipated that the two factors of (1) the dendritic structuring of the polynorbornene compounds and (2) the specific character of norbornenes in thiol-ene reactivity are harmonized each other to offer favorable environment for the formation of huge polymer networks enough to reduce fluidity of the resins rapidly. J. Photopolym. Sci. Technol., Vol. 29, No. 1, 2016 
